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Abstract. Tunnels excavated by the New Austrian Tunnelling Method (NATM) are traditionally
supported by a double-shell lining. The primary lining is generated from reinforced sprayed concrete
with rockbolts, the secondary lining is generated from in-situ cast concrete and it is protected by
a waterproof membrane. The static evaluation of the long term behaviour generally assumes full
degradation of the primary lining (the primary lining impact is not considered). Some investigations of
tunnels constructed in past indicated that the primary lining degradation is slower than expected. This
paper discusses possibilities of partly damaged primary lining consideration in static calculations of the
secondary lining. Various options were verified by numerical modelling, and its results were compared
and discussed.
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1. Introduction
Tunnels excavated by the New Austrian Tunnelling
Method (NATM) are traditionally supported by
double-shell lining [1]. The primary lining is generated
from reinforced sprayed concrete with rockbolts, the
secondary lining is generated from in-situ cast con-
crete and it is protected by a waterproof membrane [2].
The primary lining is in contact with the surrounding
ground and underground water, the primary lining
lifetime (durability) can be significantly reduced by its
contact with adjacent environment (decomposition of
sprayed concrete, corrosion of steel rockbolts and rein-
forcement, etc.). The full degradation of the primary
lining is normally considered during the secondary
lining design and evaluation [1, 2], this approach is
assumed to be reasonably conservative.
The use of spray-applied waterproofing mem-
branes [3, 4] is an associated topic, as it offers to
use the primary lining for a permanent purpose. Tra-
ditionally, waterproofing of a tunnel lining is provided
by means of a prefabricated sheet membrane, but it
can be replaced by a sprayed waterproofing membrane
applied on site. The spray-applied waterproofing mem-
branes bond to the substrate and structurally connect
the primary and the secondary lining, resulting in
the so-called composite lining, which can also bring a
lining thickness reduction due to the primary lining
contribution.
Some recent researches indicate that the primary
lining degradation is significantly slower than ex-
pected [5]. It would indicate a possibility to consider
partly decomposed primary lining for the secondary
lining evaluation. Further details are discussed in this
paper.
2. Tunnel lining design based on
NATM principles
Requirements on the primary tunnel lining and the
secondary tunnel lining are different, as roles of these
two layers are not the same.
2.1. Primary lining design
The primary lining is generally installed instantly
after an excavation of particular advance (Fig. 1).
The primary lining should be flexible (according to
the NATM principles) to allow ground deformations,
which can be beneficial for a redistribution of ground
stresses. Relationship of pressures and deformation
generally follows Fenner-Pacher curve.
The primary lining is generally loaded by:
• Ground pressures
• Tunnel lining weight
2.2. Secondary lining design
The secondary lining is generally installed after a sta-
bilisation of ground deformations (Fig. 2). Therefore,
the secondary lining is not initially loaded by ground
pressure, which was confirmed by various measure-
ments in past.
The secondary lining is generally loaded by:
• Ground pressures
• Tunnel lining weight
• Hydrostatic pressure
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Figure 1. The primary lining construction from sprayed concrete (photo Hilar).
Figure 2. The secondary lining construction from in situ cast concrete (photo Hilar).
• Temperature variation
• Concrete shrinkage and creep
• Operational loads (weight of technologies, collisions,
etc.)
3. Primary lining degradation
Primary lining degradation is generally accepted pro-
cess, which, so far, has not been investigated in detail,
because the primary lining is not accessible after the
secondary lining installation. Designers only assume
that the primary lining can be damaged during a
tunnel lifetime and thus the primary lining is not con-
sidered during the secondary lining evaluation. The
primary lining lifetime (durability) depends on its
properties and surrounding conditions.
The following factors can negatively affect the pri-
mary lining lifetime (durability):
• Ground properties
• Ground water presence and properties
• Ground gas presence and properties
• Organic particles in ground
• Dynamic load
• Electric currents in ground
3.1. Corrosion of rockbolts
Similarly to the primary lining, an evaluation of the
lifetime (durability) of rockbolts (Fig. 3) is also com-
plicated due to its problematic accessibility after the
secondary lining installation. But some case studies
of degradation of rockbolts and ground anchors used
for portals and retaining walls are available in profes-
sional literature. Degradation is usually caused by a
combination of various impacts, including problem-
atic compliance with requirements for manufacturing,
transport, storage and installation. A corrosion of
rockbolts can be fully eliminated by usage of fibre-
glass rockbolts which have some further benefits (lower
deformations, lower weight, better manipulation, etc.).
146
vol. 60 no. 2/2020 NATM tunnels – consideration of the partly damaged primary lining. . .
Figure 3. Installation of rockbolts (photo Hilar).
Major disadvantages are higher cost and fragile be-
haviour.
3.2. Concrete degradation
NATM assumes a direct contact of primary lining
generated from sprayed concrete with the surrounding
ground. Therefore, the sprayed concrete is affected
by various impacts, which can reduce its lifetime and
durability.
Pfiffner and Holzer [6] investigated concrete degra-
dation in three Swiss tunnels and highlighted the
occurrence of two most common processes of degra-
dation, which are mutually overlapping. These two
processes are more or less independent on the degree
of aggressiveness of the surrounding ground and on
underground water. The degradation is associated
with a disruption of cement stone and sulphate attack.
In the first case, particles from cement stone are dis-
turbed, dissolved and washed out. In the second case,
an interaction with ground water containing sulphates
can lead to a chemical and mineralogical change of
cement stone leading to a creation of new minerals
as gypsum, etringit or thaumasit. This process is
associated with a concrete volume increment, which
can lead to cracks, softening and strength reduction.
3.3. Long-term ground behaviour
The primary lining degradation can also be affected
by an additional ground load, which can be caused by
a long-term ground behaviour. The following aspects
can have an impact:
• consolidation
• swelling
• landslides
4. Partial degradation of primary
lining modelling
The finite element method or finite difference method
are usually used for a numerical modelling of under-
ground structures. These methods can also be used for
a numerical modelling of a partly degraded primary
lining.
The degradation process can be modelled using a so
called “grey rock philosophy”. This approach assumes
that the degraded primary lining can be modelled as a
part of ground simulated with lower shear parameters
and lower bending capacity (i.e. material without
tension capacity).
Hurt [7] describes that the degraded primary lining
consideration significantly reduced the cost of the
project “The Channel Tunnel Rail Link: North Downs
Tunnel”. The grey rock theory was only considered
for sections with low overburden, where traditional
secondary lining did not have a sufficient capacity and
had to be additionally reinforced. The following input
parameters were applied for the degraded primary
lining:
• E = 10 GPa
• c = 0 kPa
• ϕ = 30°
Marcher and Jiřičný [8] recommend an increment of
parameters of the degraded primary lining to gain a
better stability of numerical calculations. The realised
parametric study proved that increased parameters
have a small impact on the secondary lining load.
The following input parameters were applied for the
degraded primary lining:
• E = 10 GPa
• c = 40 kPa
• ϕ = 40°
Also, Thomas [1], considered the partly degraded
primary lining in his investigation, he assumes a 50%
degradation of the primary lining. The following input
parameters were applied for the degraded primary
lining in his studies:
• E = 10 GPa
• c = 2.000 kPa
• ϕ = 45°
5. Numerical modelling
Numerical calculations were realised to verify possi-
bilities of a partly degraded primary lining modelling.
The models were prepared in 2D, basic recommenda-
tions for numerical modelling of underground struc-
tures were respected (Fig. 4). Stress relief was used
to simulate the stress redistribution in the tunnel face
area [9]. The following calculations were realised for
a uniform overburden of 23m:
• Circular tunnel profile (full face excavation)
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Figure 4. Finite element mesh with horizontal tunnel face sequencing.
Figure 5. Detail of finite element mesh with vertical tunnel face sequencing.
Layer γ E c ϕ v K0[kN/m3] [MPa] [kPa] [°] [-] [-]
AN – made-up ground 20.5 11 13 24 0.37 0.59
E – eolian sediments 19.5 10 25 22 0.39 0.63
W5 – very weathered shale 21.0 30 15 30 0.33 0.50
W4-W3 – partly weathered shale 22.5 90 25 30 0.31 0.50
W2 – slightly weathered shale 24.5 220 50 32 0.25 0.47
W1 – unweathered shale 25.8 300 125 37 0.25 0.40
Table 1. Geotechnical input parameters applied for modelling.
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Tunnel profile Without degradation Thomas [1] Marcher and Jiřičný [8]
N [kN] M [kNm] N [kN] M [kNm] N [kN] M [kNm]
Circle – full face -27 10 -56 58 -839 89
Horizontal sequencing -28 11 -57 65 -1015 273
Vertical sequencing -308 11 -515 125 -1616 366
Table 2. Values of internal forces in the secondary lining.
Tunnel profile Without degradation Thomas [1] Marcher and Jiřičný [8]
As,1 [cm2] As,1 [cm2] As,1 [cm2]
Circle – full face 0.0⇒ 5.7 4.8⇒ 5.7 0.0⇒ 5.7
Horizontal sequencing 0.0⇒ 5.7 5.5⇒ 5.7 19.5
Vertical sequencing 0.0⇒ 5.7 5.2⇒ 5.7 27.8
Table 3. Areas of the secondary lining reinforcement according EN 1992-1-1.
• Elliptical tunnel profile (horizontal tunnel face se-
quencing) – Fig. 4
• Elliptical tunnel profile (vertical tunnel face sequenc-
ing) – Fig. 5
The ground was modelled using 15 node triangular
elements. Mohr-Coulomb material model was used to
simulate the ground behaviour. Geotechnical input
parameters are summarised in Tab. 1, layers are listed
from the surface (marked AN) to the layer surrounding
the tunnel profile (marked W1).
15 node triangular elements were also used for the
primary lining modelling, where a linear-elastic mate-
rial model was applied. The realised modelling took
into consideration the age of the primary lining from
sprayed concrete and its development in time. The
secondary lining from in situ cast reinforced concrete
was modelled using beam elements with a relevant
bending capacity. The degraded primary lining was
also modelled using 15 node triangular elements with
the following input parameters:
• Input parameters according Thomas [1]
• Input parameters according Marcher and Jiřičný [8]
A generated finite element mesh for an elliptical tun-
nel shape with a vertical tunnel face sequencing is
presented in Fig. 4. The primary lining was modelled
by triangular elements. Rockbolts were modelled us-
ing beam elements called “geogrid”, which resist to
tension (linear behaviour), but do not resist to com-
pression or bending. Input parameters of rockbolts
(elastic modulus E, area A, and capacity in tension N)
corresponded with the installed self-drilling rockbolts
IBO 51. A full degradation of rockbolts was assumed
in the realised calculations.
6. Results and discussion
Presented variation of input parameters was used
for each modelled tunnel profile. Values of internal
forces (normal forces and bending moments) in the
secondary lining were investigated for each calculation.
Internal forces in the secondary lining with undamaged
(original) primary lining were used as a reference.
Results are presented in Tab. 2.
Results of realised calculations show that the re-
sulting internal forces in the secondary lining are sig-
nificantly affected by a degree of the primary lining
degradation (i.e. there is a correlation between re-
sulting internal forces and shear parameters of the
primary lining).
All calculations also include cases, where the pri-
mary lining was replaced by ground (i.e. assumed
full degradation of the primary lining). Values of
internal forces in the secondary lining were similar
to the cases with primary lining parameters derived
according Marcher and Jiřičný [8]. This output was
partly affected by E modulus of the degraded primary
lining and partly by favourable shear parameters of
the adjacent ground.
The secondary lining was considered to be 35 cm
thick and generated from concrete C 30/37, the sec-
ondary lining was evaluated according to EN 1992-1-1.
The minimum area of the reinforcement As,min for
the given secondary lining, according to EN 1992-1-1,
was calculated as 5.7 cm2. Calculated areas of the
reinforcement As are presented in Tab. 3.
7. Conclusion
The presented paper discusses possibilities of the pri-
mary lining partial degradation consideration for the
secondary lining evaluation. The paper summarises
actual information about the degradation of the pri-
mary lining from sprayed concrete including rockbolts.
Then, various possibilities of partly damaged primary
lining are presented and discussed. Consequently, 2D
numerical modelling was performed to realise a para-
metric study.
Results of the realised calculations show that result-
ing internal forces in the secondary lining are affected
by a degree of the primary lining degradation (i.e.
there is a correlation between resulting internal forces
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and shear parameters of the primary lining). The re-
sults of the realised numerical calculations show that
a consideration of the partly damaged primary lining
can bring significant cost savings for the secondary
lining design. The results comply with conclusions of
some other authors [2, 5].
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